Erythropoietin (EPO) is the principal hormone regulating the proliferation of erythroid precursors and their differentiation into erythrocytes. Binding of ligand to the cell-surface EPO-R (EPO receptor) induces dimerization and JAK2 (Janus kinase 2)-mediated tyrosine phosphorylation of the receptor. Less than 1 % of the EPO-Rs are displayed on the cell surface; most of the receptor molecules are retained in intracellular compartments, including the ER (endoplasmic reticulum). Using pervanadate (PV) as a potent tool to inhibit cellular PTPs (protein tyrosine phosphatases), we demonstrated previously the accumulation of mature (endoglycosidase H-resistant) tyrosine-phosphorylated EPO-R [Cohen, Altaratz, Zick, Klingmuller and Neumann (1997) Biochem. J. 327, [391][392][393][394][395][396][397]. In the present study, we investigated the participation of the ER-associated PTP1B in the dephosphorylation of intracellular EPO-R. We demonstrate tyrosine phosphorylation of EPO-R in BOSC-23T cells co-expressing EPO-R and the 'substrate-trapping' mutant form of PTP1B, PTP1B D181A (referred to as PTP1BD). In vivo interaction between EPO-R and PTP1B suggested that PTP1B dephosphorylates the EPO-R intracellularly. Endoglycosidase H resistance of tyrosine-phosphorylated EPO-R in cells expressing PTP1BD suggested that mature EPO-R is dephosphorylated by PTP1B. Stimulation with EPO of cells co-expressing EPO-R and either PTP1BD or PTP1B resulted in an increase or decrease respectively in phosphotyrosine EPO-R. We thus suggest that PTP1B dephosphorylates EPO-stimulated EPO-R and participates in the downregulation cascade of EPO-mediated signal transduction.
INTRODUCTION
Proliferation of erythroid progenitor precursor cells and their differentiation into mature erythrocytes are mediated by the hormone erythropoietin (EPO) via its cell-surface receptor. EPO-R (EPO receptor) belongs to the cytokine receptor superfamily, which shares common structural motifs: one transmembrane domain, four cysteine residues similarly spaced and a common sequence motif WSXWS in the extracellular domain [1] . Unlike receptor tyrosine kinases, the cytosolic domain of cytokine receptors is devoid of kinase activity. Binding of ligand to cell-surface EPO-R results in the activation of JAK2 (Janus kinase 2), which phosphorylates the receptor [2, 3] . Tyrosine-phosphorylated EPO-R then serves as a docking site for other signalling proteins, which, in synchrony with JAK2, mediate the cellular response to EPO. Structural analysis led to the proposal that unliganded EPO-R exists as a preformed homodimer in an open scissorlike conformation [4] and that dimerization induced by the transmembrane domain maintains unliganded EPO-R in an inactive state. EPO in physiological amounts can then switch the receptor to an activated state [5, 6] . Termination of EPO-R signalling is mediated by the interaction of selected proteins with the EPO-R or with signalling molecules. A major player in such interaction is the haematopoietic PTP (protein tyrosine phosphatase) SH-PTP1 (also referred to as HCP or PTP1C), which is recruited via its SH2 (Src homology 2) domains to pTyr (phosphotyrosine)-429
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of the EPO-R, leading to dephosphorylation of JAK2 and downmodulation of positive signals [3] . Treatment of cells with pervanadate (PV) inhibits PTPs, thereby perturbing the basal equilibrium of tyrosine phosphorylation/dephosphorylation and culminating in increased protein tyrosine phosphorylation [7, 8] . Since PV can easily penetrate the cell membrane, it serves as a unique tool to activate both surface and intracellular forms of the EPO-R, as opposed to stimulation with EPO, which allows the analysis of only cell-surface-derived EPO-R. Using this approach, we demonstrated previously that tyrosine phosphorylation of the EPO-R might also occur in the ER (endoplasmic reticulum) [9] and that the EPO-R might assemble with JAK2 while in the ER. Recent evidence points to an interaction of JAK2 with newly synthesized EPO-R in the ER, apparently necessary for the efficient expression of the receptor on the cell surface [10] . Recently, JAK2 was implicated in the modulation of the degradation of intracellular pools of growth hormone receptor [11] , which (similar to the EPO-R) is a member of the cytokine receptor superfamily [12] .
These findings raise fundamental questions concerning possible interactions between EPO-R and protein tyrosine kinases and PTPs that are associated with the ER. Accumulating evidence indicates that intracellular membranes harbour signalling molecules. For example, Src-homology collagen (Sch) proteins were localized in the ER and were found, after tyrosine kinase receptor activation, to redistribute to the cytosolic surface of the plasma membrane and endocytic structures [13] . The ER tyrosine kinase Ltk was identified and its activity was found to be regulated by the redox potential within the ER [14] . Recent results point to the activation of Ras in association with ER membranes [15] . PTP1B is a widely expressed non-receptor PTP, located on intracellular membranes via its hydrophobic C-terminal targeting sequence [16] . It was suggested that PTP1B plays a central role in the regulation of many cellular functions including cell adhesion (see e.g. [17, 18] ), response to cellular stress and cytokine receptor signalling [19] [20] [21] .
To identify potential physiological substrates of PTP1B, 'substrate-trapping' mutants were developed [22] . This approach exploits the ability of certain PTP mutants to bind to their substrates, but not to dephosphorylate them. Such PTP1B mutants with decreased catalytic activity were shown to form complexes with their intracellular substrates and to lead to the accumulation of their respective pTyr forms by protecting these proteins from dephosphorylation by endogenous PTP1B. Substrates of PTP1B include EGF-R (epidermal growth factor receptor) [22] , plateletderived growth factor receptor [23] , insulin receptor [24] , JAK2 [19] and STAT5a (signal transducer and activator of transcription 5a) and STAT5b [21] . Until recently, PTP1B was believed to associate with and dephosphorylate ER-associated substrates. Recent reports implicate PTP1B in the regulation of ligand-mediated phosphorylation of receptor tyrosine kinases [25, 26] . In this context, it is worth noting that in the presence of the substratetrapping form of PTP1B, tyrosine phosphorylation of JAK2 was increased after ligand stimulation [19] , suggesting that PTP1B participates in the down-regulation of tyrosine kinases associated with cytokine receptor signalling. Thus, the central role of PTP1B is inferred by its effects on both ligand-independent and -induced events as well as on the assembly of ER in vitro [27] .
The physiological response to IL-3 (interleukin-3) is attenuated when IL-3-dependent 32D cells are transfected with the cDNA of PTP1B [28] . The above observations, together with the likelihood that the EPO-R and the IL-3 receptor utilize similar intracellular signalling cascades [29] and the ability of the EPO-R to undergo tyrosine phosphorylation [9] while residing in the ER, prompted us to examine whether the EPO-R is a substrate of PTP1B.
We show here that EPO-R interacts with PTP1B and the substrate-trapping mutant form of PTP1B, PTP1B D181A (referred to as PTP1BD). We demonstrate that whereas unprocessed EPO-R interacts with both PTP1B and PTP1BD, only endo H (endoglycosidase H)-resistant EPO-R (which comprises a minute fraction of the receptor molecules) is tyrosine-phosphorylated in cells co-expressing the EPO-R and PTP1BD, suggesting that PTP1B dephosphorylates mature EPO-R. The increased tyrosine phosphorylation of the EPO-R in cells co-expressing the EPO-R and PTP1BD after stimulation with EPO and the decreased tyrosine phosphorylation of the EPO-R in EPO-responsive cells co-expressing the EPO-R and PTP1B suggest that PTP1B plays a role in the down-regulation of ligand-activated EPO-R.
MATERIALS AND METHODS

Materials
All materials were obtained from sources listed previously [9, 30] . PV was generated as described previously [9] .
Antibodies
Rabbit antibodies directed against the N-terminus of EPO-R [30] or against a GST (glutathione S-transferase)-fusion protein containing either the cytosolic [31] or the extracellular domain of mouse EPO-R [3] were used at dilutions of 1:250 for immunoprecipitation and 1:1000 for immunoblotting. Rabbit antibodies directed against the C-terminal peptide of the EPO-R [32] were used at a dilution of 1:1000 for immunoblotting of GSTphosphatase-precipitated EPO-R. A monoclonal antibody against pTyr (PY), 4G10 (Upstate Biotechnology, Lake Placid, NY, U.S.A.), was employed. Mouse monoclonal antibodies against PTP1B (FG6 [22] ) and TCPTP (T-cell PTP) [33] were a gift from Professor N. Tonks (Cold Spring Harbor Laboratory, Plainview, NY, U.S.A.).
Cells and plasmids
BOSC-23T cells [34] were maintained in Dulbecco's modified Eagle's medium supplemented with 10 % (v/v) foetal calf serum. Cells (60 % confluent) were transiently transfected using the calcium phosphate method [35] and were harvested 48 h after transfection. Transfection was performed (using 10 µg of each plasmid) with pXM EPO-R cDNA and pMT2 PTP1B or (GST)-PTP1B-fusion protein in pMT2 (GST tag, N-terminus) or PTP1BD in these pMT2 vectors [22] . PTP cDNA constructs were generously provided by Professor N. Tonks. Plasmid pNeoSRaII, carrying full-length human EGF-R cDNA (pSRneo EGF-R [31, 36] ), was used. WS [37] , R129C [38] , 8YF [31] , 1-251 [39] and Box1 [40] EPO-Rs subcloned in pXM were employed.
Retroviral vectors of PTP1B-GST subcloned between pacI and EcoRI of pMOWS-GFP (where GFP stands for green fluorescent protein) were transiently transfected in Phoenix-Eco cells by calcium phosphate precipitation as described in [41] . Transducing supernatants were applied to introduce the GST-PTP1B in pMOWS or pMOWS-GFP cDNAs into the IL-3-dependent pro-B cell line Ba/F3 stably expressing wt (wild-type) EPO-R cDNA in pXM [30] . Pools expressing GST-PTP1B or GFP were selected in 1.5 µg/ml puromycin (Sigma) 48 h after transduction. The selected cells were maintained in RPMI 1640 supplemented with 10 % (v/v) foetal calf serum and 0.25 unit/ml EPO in the presence of 1.5 µg/ml puromycin.
Stimulation with EPO
This was performed as described in [40] .
Western-blot analysis, immunoprecipitation and digestion with endo H
Cells were solubilized in lysis buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1 % Triton X-100, 10 mM EDTA, 50 mM sodium fluoride, 5 mM iodoacetic acid, 1 mM sodium orthovanadate and a protease inhibitor cocktail (Boehringer Mannheim, Mannheim, Germany). Immunoprecipitation and Western-blot analysis were performed as described previously [30] . For digestion with endo H, Protein A-Sepharose pellets were boiled for 3 min in 60 µl of 50 mM sodium citrate (pH 5.6) and 1 % (w/v) SDS. The supernatant was divided into two aliquots that were incubated for 1 h at 37
• C in the presence or absence of 0.5 µl of endo H (stock solution, 1 unit/ml) and then separated by SDS/PAGE.
RESULTS pTyr EPO-R is detected in cells co-expressing wt EPO-R and PTP1BD
To determine whether the EPO-R is a target of PTP1B, we performed 'substrate-trapping' experiments in BOSC-23T cells. Wt EPO-R was transiently expressed in BOSC-23T cells, together
Figure 1 Detection of pTyr EPO-R in cells co-expressing EPO-R and PTP1BD
BOSC-23T cells were co-transfected with cDNAs of wt EPO-R and pMT2 vector, PTP1B (1B) or PTP1BD (1BD) (lanes 1-3 respectively). Lane 4 represents non-transfected cells. (A) Total cell lysates were subjected to Western-blot analysis and probed with anti-PY antibodies (upper panel) or antibodies directed against the cytosolic domain of the EPO-R (lower panel). (B)
Immunoprecipitation of EPO-R from cell lysates using antibodies directed against the cytosolic domain of the EPO-R, followed by addition of Protein A-Sepharose. Immunoprecipitates were subjected to Western-blot analysis with anti-PY antibodies, antibodies directed against the cytosolic domain of the EPO-R or anti-PTP1B antibodies (top, middle or bottom panel respectively). Molecularmass standards in kDa are shown on the right.
with wt PTP1B or PTP1BD. Cell lysates were immunoprecipitated with anti-EPO-R antibodies, and this was followed by Western-blot analysis with anti-PY antibodies ( Figure 1B) . We reprobed the same blot with anti-EPO-R antibodies to compare receptor expression levels ( Figure 1B Figure 1A, lower panel) . To determine the specificity of the interaction between EPO-R and PTP1B, we examined whether tyrosine-phosphorylated EPO-R accumulates after co-expression of the EPO-R with TCPTP D182A (TCD), the substrate-trapping mutant of TCPTP [33] . Tyrosinephosphorylated EPO-R was detected in BOSC-23T cells cotransfected with PTP1BD and EPO-R (Figure 2A, lane 4) , whereas in the presence of TCD, pTyr EPO-R was barely distinguished (Figure 2A, lane 2) . On the other hand, tyrosine-phosphorylated EGF-R was detected in cells expressing substrate-trapping mutant forms of either TCPTP or PTP1B ( Figure 2B , lanes 3 and 5), as described previously [33] . Thus, it seems that EPO-R is a preferential substrate of PTP1B. Tyrosine phosphorylation of Box1 EPO-R, an EPO-R lacking residues 256-267 required for JAK2 activation, was barely detected in the presence of PTP1BD. These results may imply that PTP1B dephosphorylates EPO-Rs that were tyrosine-phosphorylated by JAK2.
In vivo interaction between wt EPO-R and PTP1B
To substantiate the above finding of interaction between the EPO-R and PTP1B, we examined complex formation between EPO-R and GST-fusion proteins of PTP1B (GST-PTP1B) and PTP1BD (GST-PTP1BD). BOSC-23T cells were co-transfected with expression plasmids of wt EPO-R and PTP1B or wt EPO-R and PTP1BD. Cell lysates were precipitated with GSH-Sepharose beads at 4
• C for 3 h, eluted in SDS sample buffer and subjected to immunoblot analysis with anti-PY, anti-EPO-R and anti-PTP1B antibodies. As shown in Figure 3 , several tyrosine-phosphorylated proteins co-precipitated with GST-PTP1BD in cells that did not express the EPO-R. However, in cells expressing the EPO-R together with PTP1BD, most of the tyrosine phosphorylation occurred on a protein entity that was shown by immunoblot analysis to coincide with the EPO-R. These results indicate that EPO-R and PTP1B form a complex in vivo (Figure 3, lane 4) .
To determine the region on EPO-R that binds to PTP1B, we examined the in vivo binding between GST-fusion proteins of PTP1B or PTP1BD and the following receptors: wt EPO-R, an EPO-R mutant devoid of the extracellular domain in which the cytosolic tyrosine residues are replaced by phenylalanine residues (8YF cyt EPO-R), and an EPO-R mutant devoid of its cytosolic region (EPO-R 1-251). Figure 4 depicts complex formation between PTP1B or PTP1BD and the wt EPO-R ( Figure 4A,  lanes 2 and 3) . 8YF cyt EPO-R ( Figure 4A , lanes 5 and 6) bound to PTP1B and PTP1BD, whereas 1-251 EPO-R was not detected in the GSH-Sepharose precipitates ( Figure 4A, lanes 8 and 9) . It should be noted that the amounts of 1-251 EPO-R in the cell BOSC-23T cells were transfected with the cDNA of GST-1B or GST-1BD (lanes 1 and 2 respectively) or were co-transfected with wt EPO-R and GST-1B or GST-1BD expression plasmids (lanes 3 and 4 respectively). Complexes were precipitated by agarose-bound GSH. Samples were subjected to Western-blot analysis with anti-PY antibodies. The same blots were then probed with anti-EPO-R antibodies directed against the cytosolic domain of the EPO-R or anti-PTP1B antibodies. Molecular-mass standards in kDa are shown on the right. BOSC-23T cells were co-transfected with the cDNAs of wt EPO-R, 8YF cyt EPO-R or 1-251 EPO-R and the cDNAs of pMT2 vector or PTP1B or PTP1BD. (A) PTP1B or PTP1BD was immunoprecipitated from cell lysates using anti-PTP1B antibodies, followed by the addition of Protein A-Sepharose. The immunoprecipitates were subjected to SDS/PAGE and blotted on to nitrocellulose membrane filters, which were probed using anti-EPO-R antibodies directed against the cytosolic domain (lanes 1-6) or against the extracellular domain (lanes 7-10) of the EPO-R. (B) Total cell lysates were subjected to Western-blot analysis with anti-EPO-R antibodies directed against the cytosolic domain of the EPO-R (lanes 1-6) or the extracellular domain of EPO-R (lanes 7-10). Molecular-mass standards in kDa are shown on the right. extracts were higher than those of wt EPO-R or 8YF cyt EPO-R ( Figure 4B ). The finding that 8YF cyt EPO-R binds to both PTP1B and PTP1BD indicates that this interaction occurs through the cytosolic domain of the EPO-R and that the binding can occur in the absence of tyrosine residues.
Endo H-resistant EPO-R is tyrosine-phosphorylated upon co-transfection with PTP1BD and EPO-R
To determine the intracellular location of tyrosine-phosphorylated EPO-R in the presence of PTP1BD, we examined the susceptibility of pTyr EPO-R to endo H. This was done by endo H treatment of immunoprecipitates of the EPO-R from cells co-expressing wt EPO-R and PTP1BD, followed by immunoblotting with anti-PY antibodies. Immunoblotting with anti-EPO-R antibodies showed that most of the EPO-R molecules were sensitive to endo H and were not tyrosine-phosphorylated ( Figure 5A, lanes 1  and 2) . Tyrosine-phosphorylated EPO-Rs, on the other hand, were predominantly resistant to endo H treatment ( Figure 5A , lanes 5 and 6). Thus, it seems probable that these endo H-resistant pTyr EPO-Rs are not detected by the anti-EPO-R antibodies in immunoblots, and that this is due both to their low abundance and to the greater potency of the anti-PY antibodies compared with that of the anti-EPO-R antibodies ( Figure 5A , lower panel, lanes 5 and 6). To examine whether the endo H-resistant pTyr EPO-R molecules form a complex with PTP1BD, we immunoprecipitated the cell lysates with anti-PTP1B antibodies and subjected the immunoprecipitates to endo H digestion, followed by Westernblot analysis with anti-PY antibodies and anti-EPO-R antibodies.
Figure 5 Endo H susceptibility of pTyr EPO-R
BOSC-23T cells were co-transfected with wt EPO-R and cDNAs of pMT2 vector, PTP1B or PTP1BD. EPO-R (A) or PTP1B (B) was immunoprecipitated from cell lysates using specific antibodies, followed by the addition of Protein A-Sepharose. The Protein A-Sepharose pellets were subjected to endo H digestion, followed by Western-blot analysis with anti-PY. The membrane filters were stripped and then probed with anti-EPO-R cytosolic antibodies (A, B, lower panels). Membrane filters were probed with anti-PY or anti-EPO-R antibodies. The 75 kDa molecular-mass standard is shown on the right.
This analysis demonstrated that most of the EPO-R molecules that were complexed with PTP1BD displayed sensitivity to endo H ( Figure 5B , lower panel, lanes 5 and 6). However, tyrosine phosphorylation was detected mainly on endo H-resistant EPO-R molecules ( Figure 5B, upper panel, lanes 5 and 6) . Results of this analysis suggest that the EPO-R and PTP1B form a complex in the ER, but that tyrosine phosphorylation which is susceptible to PTP1B dephosphorylation occurs beyond the ER and the cis Golgi.
An EPO-R mutant ( WS1) that lacks the first WS amino acids of the WSXWS motif is evidently retained in the ER, as shown by its inability to acquire resistance to endo H and to bind EPO on the cell surface and by its immunofluorescence localization [37] . To establish further whether dephosphorylation of the EPO-R by PTP1B ( Figure 5 ) occurs beyond the ER, we examined whether the ER-retained WS1 EPO-R mutant is tyrosine-phosphorylated after its co-expression with PTP1BD. The inability to detect tyrosine-phosphorylated WS1 EPO-R in BOSC-23T cells co-expressing this EPO-R mutant together with PTP1BD ( Figure 6 ) further supports our contention that EPO-Rs that are phosphorylated beyond the ER are dephosphorylated by PTP1B.
After subjecting BOSC-23T cells expressing wt or WS1 EPORs to PV treatment, we found that both tyrosine-phosphorylated wt and tyrosine-phosphorylated WS1 EPO-Rs were detected, as shown previously for Ba/F3 cells expressing these receptors [9] . In BOSC-23T cells expressing wt EPO-R, PV treatment led to the accumulation of endo H-sensitive (>90 %) and endo H-resistant pTyr EPO-Rs (Figure 6, lanes 3 and 4) . On the other hand, only Cells were collected 48 h after transfection and incubated with or without PV (1 mM sodium vanadate and 2 mM hydrogen peroxide) at 37 • C for 10 min. The EPO-Rs precipitated from cell lysates were subjected to endo H digestion, followed by Western-blot analysis with anti-PY, antibodies directed against the cytosolic domain of the EPO-R and anti-PTP1B. Arrowhead and arrows point at endo H sensitive and resistant EPO-R forms respectively.
endo H-sensitive pTyr WS1 EPO-R could be discerned (Figure 6 , lanes 9 and 10). After transfecting BOSC-23T cells with wt or WS1 EPO-R together with PTP1BD, we compared the profiles of pTyr EPO-Rs in these cells in the presence or absence of PV. Immunoblot analysis of immunoprecipitated EPO-Rs showed that pTyr wt EPO-Rs from PV-treated cells expressing both EPO-R and PTP1BD were predominantly resistant to endo H treatment, unlike PV-treated cells that were transfected with wt EPO-R only ( Figure 6 , cf. lanes 5 and 6 with lanes 3 and 4). Notably, after PV treatment, pTyr WS1 EPO-R was sensitive to endo H digestion regardless of whether the EPO-R was expressed without or with PTP1BD ( Figure 6, lanes 9-12) . Therefore it appears that PTP1B dephosphorylates mature EPO-Rs. Co-immunoprecipitation of PTP1B with both wt and WS EPO-Rs further supports the data presented in Figure 6 , which suggest binding of PTP1B to ER-localized EPO-R and dephosphorylation in subsequent compartments of the secretory pathway.
To determine whether PTP1B dephosphorylates ligand-activated EPO-Rs, we subjected BOSC-23T cells co-expressing wt EPO-R and PTP1BD or wt EPO-R only to activation with EPO. As shown in Figure 7 , stimulation with EPO increased the amount of pTyr EPO-Rs in EPO-R/PTP1BD-expressing cells in a timedependent manner: EPO-R tyrosine phosphorylation reached a peak 1 min after the onset of EPO stimulation and returned to basal pTyr levels after 30 min ( Figure 7A and lower panel) . We therefore conclude that PTP1B participates in the down-regulation of EPO-mediated signal transduction, probably by dephosphorylating cell-surface ligand-activated EPO-Rs. In the absence of PTP1BD, EPO-mediated tyrosine phosphorylation of the EPO-R was not detected ( Figure 7B ). This might be explained by the relatively small amounts of cell-surface EPO-R and the rapid dephosphorylation of ligand-activated EPO-R.
The involvement of PTP1B in the dephosphorylation of the EPO-R after ligand stimulation was also demonstrated in the pro-B cell line Ba/F3. These cells do not have endogenous EPO-Rs and depend on IL-3 for proliferation. Yet, when transfected with the EPO-R cDNA, they can become dependent on EPO [29] . To examine the role of PTP1B in EPO-R signalling, we generated Ba/F3 cells that co-express the EPO-R and PTP1B in pMOWS or EPO-R and pMOWS-GFP (control). These cells were stimulated with EPO, and pTyr-immunoprecipitated EPO-R was monitored with respect to the amount of immunoprecipitated EPO-R. Figure 8 demonstrates that tyrosine phosphorylation of the EPO-R in EPO-R-and PTP1B-expressing cells was lower than that observed in cells expressing the EPO-R only. Note that 5 min after stimulation with EPO, tyrosine phosphorylation of the EPO-R in PTP1B-expressing cells decreased, whereas in control cells it remained at peak levels.
DISCUSSION
The major finding of the present study is that PTP1B participates in the down-regulation of the mature endo H-resistant EPO-R. Support for this conclusion came from a series of experiments in which we employed the catalytically inactive PTP1BD. These experiments demonstrated that (i) the EPO-R is tyrosine-phosphorylated after co-expression with PTP1BD (Figures 1 and 2 ), (ii) the cytosolic domain of the EPO-R interacts with PTP1B and this interaction can occur in the absence of pTyr residues on the EPO-R (Figure 4 ), (iii) expression of PTP1BD leads to the accumulation of endo H-resistant pTyr EPO-R, but not of tyrosinephosphorylated ER-retained WS1 EPO-R ( Figure 6 ) and (iv) PTP1BD expression increases ligand-mediated tyrosine phosphorylation of the EPO-R (Figure 7) . The lower levels of pTyr EPO-R in EPO-stimulated Ba/F3 cells expressing EPO-R and PTP1B further supports the participation of PTP1B in the downregulation of EPO-R signalling.
In both transfected and normal haematopoietic cells, most of the newly produced EPO-Rs are retained in the ER [9, 10, 31, 32, 42] , thus directing attention to intracellular EPO-Rs. Our previous study showed that the ER-retained WS1 EPO-R mutant is tyrosine-phosphorylated when PTPs are inhibited by the potent tyrosine phosphatase inhibitor PV [9] , suggesting that protein tyrosine kinases are present and are active on the EPO-R in this microenvironment. In a subsequent study, association of the EPO-R with JAK2 in early compartments of the secretory pathway was shown to enhance the folding of EPO-R and facilitate its surface expression [10] . Association of the EPO-R with JAK2 within the ER environment suggested that the receptor might also form complexes with a 'balancing' phosphatase moiety(s). Recently, JAK2 was implicated in the quantitative modulation of intracellular growth hormone receptor [11] , suggesting that such modulation might be a common feature of cytokine receptors. In the present study, we have shown that immature endo Hsensitive EPO-R was the predominant receptor species in the PTP1BD/EPO-R complexes. Unexpectedly, this EPO-R was not tyrosine-phosphorylated ( Figure 5 ), in contrast with the tyrosinephosphorylated EPO-Rs that precipitated with PTP1BD and were derived from the considerably less abundant species of endo Hresistant EPO-R. The inability to detect tyrosine-phosphorylated WS1 EPO-R and tyrosine-phosphorylated immature EPO-Rs in the presence of PTP1BD (Figure 6 ) further supports our contention that the mature EPO-R is dephosphorylated by PTP1B.
The EPO-R, while residing in the ER, most probably forms complexes with other PTPs in addition to PTP1B. This is inferred by the predominant accumulation of pTyr endo H-sensitive forms of wt and WS1 EPO-Rs after general inhibition of PTPs by PV ( Figure 6 ). Mature pTyr EPO-R, which accumulates in EPO-R-and PTP1BD-expressing cells that were treated with PV (Figure 6) , could be derived from maturation of pTyr endo H-sensitive EPO-Rs or from cell-surface EPO-Rs. The first possibility is supported by a previous demonstration by our group, in which experiments utilizing pulse-chase analysis showed that pTyr endo H-sensitive EPO-Rs accumulate after PV treatment and mature in the course of the chase [9] . Nevertheless, at least some of the pTyr EPO-R derives from the cell surface, as its amount increases after ligand stimulation (Figure 7 ). The shift from endo H-sensitive to endo H-resistant pTyr EPO-Rs after stimulation by PV of cells expressing PTP1BD suggests that PTP1B comprises only a partial repertoire of the PTPs that dephosphorylate the EPO-R. In a previous study [9] , it was demonstrated that most of the pTyr EPO-Rs in PV-treated Ba/F3 and in mouse foetal liver cells were resistant to endo H, suggesting that the balance between mature and immature pTyr EPO-Rs is probably cell-dependent.
Binding of ligand to cell-surface EPO-R results in the activation of JAK2 and phosphorylation of tyrosine residues in the cytosolic domain of the receptor. Termination of EPO-R signalling is attributed to the cytosolic SH-PTP1 that binds to pTyr 429 in the cytosolic domain of EPO-R, leading to dephosphorylation and inactivation of JAK2 [3] . The observed increase in ligand-mediated tyrosine phosphorylation of the EPO-R in the presence of PTP1BD (Figure 7) suggests that PTP1B, which is anchored to the ER, participates in the down-regulation of the ligand-activated cellsurface EPO-R. Further support for this suggestion comes from the finding that trypsin treatment (performed at 4
• C) of cells that were stimulated with EPO resulted in a significant decrease in pTyr EPO-R, whereas the amounts of intracellular EPO-R were unaffected (results not shown). Thus, the ER-localized PTP1B might catalyse EPO-R dephosphorylation at specific wellsegregated sites on the ER after ligand activation, similar to its dephosphorylation of ligand-stimulated EGF-R and plateletderived growth factor receptor tyrosine kinases [25] . The fact that tyrosine phosphorylation of ligand-activated EPO-R decreases in the presence of PTP1BD (Figure 7 ) is in line with the contribution of other phosphatases to this process. Further support for the involvement of PTP1B in the down-regulation of ligand-activated EPO-R stems from our finding that tyrosine phosphorylation of the EPO-R after EPO stimulation is lower in Ba/F3 cells which express both EPO-R and PTP1B. So far, we were not successful in generating EPO-R-expressing Ba/F3 cells that also express PTP1BD. Recent studies demonstrated enhanced effects of leptin [43] and growth hormone [44] in PTP1B-deficient mice or in the presence of PTP1BD. It has been suggested that PTP1B targets JAK2. Despite the interaction between EPO-R and PTP1B, which we have demonstrated, our studies cannot rule out that the involvement of PTP1B in the down-regulation of EPO-R signalling is mediated via JAK2.
Previous studies have demonstrated that PTP1BD traps the EGF-R in distinct punctate structures within the ER [22] . Immunofluorescence labelling showed that expression of the EPO-R along with PTP1B did not alter the intracellular localization of the EPO-R (results not shown). This might be attributable to the difference in subcellular distribution of the EGF-R and the EPO-R; whereas the former is localized mainly at the cell surface, the latter resides mainly in early compartments of the secretory pathway [31, 32] .
Since pTyr EPO-R was not detected in cells expressing TCD (Figure 2) , our results probably represent a genuine interaction between the EPO-R and PTP1B and not merely the result of overexpression of a catalytically inactive PTP1B and EPO-R in BOSC-23T cells. Additional support for this interaction comes from the observed binding of wt EPO-R to GST-PTP1B-and GST-PTP1BD-fusion proteins in vivo (Figure 3) .
The notion that a combination of pTyr residues may be crucial for PTP1B interaction has gained support from studies on the insulin receptor, where Tyr 1146 , Tyr 1150 and/or Tyr 1151 were shown to be important for complex formation with PTP1B [24] . However, the interaction between EPO-R and PTP1BD can occur in the absence of tyrosine phosphorylation of the EPO-R, as an EPO-R mutant that lacks the extracellular domain (in which all eight cytosolic tyrosine residues were replaced by phenylalanine residues) co-precipitated with PTP1B and PTP1BD (Figure 4) . Future studies should address key issues such as the identity of pTyr residue(s) of the EPO-R that are dephosphorylated by PTP1B and the involvement of other phosphatases and kinases in this process.
In conclusion, our study suggests that PTP1B modulates EPO signalling via its cell-surface receptor. Thus, PTP1B may inactivate central proteins that participate in the cytokine-mediated signal transduction pathway, including the cell-surface receptors JAK2 and STAT5.
